Validation of Unglazed Transpired Solar Collector Assisted Air Source Heat Pump Simulation Model  by Januševičius, Karolis et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Riga Technical University, Institute of Energy Systems and Environment.
doi: 10.1016/j.egypro.2016.09.039 











RI LQYHVWLJDWLRQV KDYH EHHQ FRQGXFWHG RQ WKH GHVLJQ DQGPRGHOOLQJ RI GLIIHUHQW KHDW SXPS V\VWHPV7KLV SDSHU H[DPLQHV WKH
SHUIRUPDQFHRID VRODUDVVLVWHGDLU VRXUFHKHDWSXPS$6+3V\VWHPIRUFROGFOLPDWH7KHVWXG\FRPSDUHV WKHRSHUDWLRQRID








9DULRXV KHDW SXPS V\VWHPV SURYLGH VXVWDLQDEOH DQG HIILFLHQW VROXWLRQV WR SURYLGH HQHUJ\ IRU VSDFH KHDWLQJ RU
FRROLQJDQGGRPHVWLFKRWZDWHULQEXLOGLQJV>@7KHUHDUHPLOOLRQVRIVXFKV\VWHPVLQVWDOODWLRQVZRUOGZLGHDQGDQ\






Available online at www.sciencedirect.com
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Riga Technical University, Institute of Energy Systems and Environment.
168   Karolis Januševičius et al. /  Energy Procedia  95 ( 2016 )  167 – 174 





RQ DLUVLGH DQG KHDWLQJ VKXWGRZQ >±@'LIIHUHQW VROXWLRQV WR GHOD\ IURVWLQJ DQG LPSURYH GHIURVWLQJ HIILFLHQF\
ZHUH SURSRVHG V\VWHP ZLWK LQWHJUDWHG VROLG GHVLFFDQW UHYHUVHF\FOH GHIURVWLQJ HOHFWULF KHDWLQJ GHIURVWLQJ KRW
ZDWHUVSUD\HWF>±@5HYHUVHF\FOHGHIURVWLQJLVFXUUHQWO\WKHPRVWZLGHO\XVHGGHIURVWLQJPHWKRG>@
7KHHQHUJ\XVHGIRU UHYHUVHF\FOHGHIURVWLQJFRPHV IURPWKUHHVRXUFHV WKH LQSXWSRZHU WRFRPSUHVVRU WKH LQSXW






>@VXJJHVWHGD IORRUHPEHGGHGKHDWLQJV\VWHPFRXSOHG WRDPRGHUQ$6+3WKDWFRXOG UHGXFHUXQQLQJFRVWVDQG
&2HPLVVLRQV7RXFKLHDQG3UHVVQDLO>@SUHVHQWHGWKHRSHUDWLRQRIDQ$6+3LQWKHUPDOEXIIHU]RQHFUHDWHGE\DQ
HQFORVHG EDOFRQ\ VSDFH 6XFK VROXWLRQ FDQ LPSURYH WKH FRHIILFLHQW RI SHUIRUPDQFH &23 LQ FROG WHPSHUDWXUHV
.DPHO DQG )XQJ >@ GHYHORSHG D 7516<6 PRGHO WR LQWHJUDWH D SKRWRYROWDLFWKHUPDO FROOHFWRU LQ D URRI DQG
FRXSOHGLWZLWK$6+37KLVVXJJHVWLRQHQDEOHVDKLJKO\HIILFLHQWKHDWLQJV\VWHPLQZLQWHUFRQGLWLRQV
'HVSLWHWKHODUJHQXPEHURIVWXGLHVRQWKHSHUIRUPDQFHDQGWHFKQLFDOVROXWLRQVRIDQ$6+3V\VWHPGHIURVWLQJ
FDXVHV WKH SHULRGLF LQWHUUXSWLRQ RI RXWGRRU KHDWLQJ DQG GHJUDGDWLRQ LQZLQWHU KHDWLQJ HIILFLHQF\ 7KHUHIRUH WKLV
VWXG\VXJJHVWV WKH LGHDRIVRODUDVVLVWHG$6+3WRSUHYHQW WKHKHDWSXPSIURPIURVWLQJ8QJOD]HG WUDQVSLUHGVRODU









&23  FRHIILFLHQWRISHUIRUPDQFH   Xmeasured PHDVXUHGYDOXH
cp  VSHFLILFKHDWFDSDFLW\RIIOXLGN-NJā.  Xsimulated  VLPXODWHGYDOXH
I  HOHFWULFDOFXUUHQW$ 
t  WHPSHUDWXUH&     Greek letters
tin  IOXLGWHPSHUDWXUHDWWKHLQOHW&   ǻcurr GHYLDWLRQDWFXUUHQWWLPHVWHS
tout  IOXLGWHPSHUDWXUHDWWKHRXWOHW&   ǻPD[ PD[LPXPGHYLDWLRQ 
U  YROWDJH99    ȡ IOXLGGHQVLW\NJP
V   YROXPHWULFIORZUDWHPK   Ĳperiod WLPHSHULRGPLQ  
:506( ZHLJKWHGURRWPHDQVTXDUHHUURU   cos (ĳ) SRZHUIDFWRU
6\VWHPVGHVFULSWLRQ
$QDO\]HGV\VWHPVDUHXVHGLQWKH%(06/DERUDWRU\LQ'HSDUWPHQWRI%XLOGLQJ(QHUJHWLFVRI9LOQLXV*HGLPLQDV








WKH$6+3RSHUDWHVDORQH LQKHDWLQJPRGHFDVH$GXULQJ WKHFROGSHULRG ILUVWO\ LWKHDWV WKHVWRUDJH WDQN:KHQ
$6+3RSHUDWHVZLWK876&FDVH%IUHVKDLUJRHVILUVWWKURXJKWKH876&ZKHUHLWLVSUHKHDWHG






























   
7KHPHDVXUHGSHUIRUPDQFHSDUDPHWHUVDLUWHPSHUDWXUHDIWHUKHDWH[FKDQJHULQOHWDQGRXWOHWZDWHUWHPSHUDWXUHV
DQGHOHFWULFLW\FRQVXPSWLRQIRUERWKFDVHVDUHSORWWHGLQ)LJ7KHUHVXOWVRIXQFHUWDLQW\DQDO\VLVIRUWKHSK\VLFDO
SDUDPHWHUVPHDVXUHG LQ WKLV VWXG\DUHSURYLGHG LQ7DEOH8QFHUWDLQW\RIPHDVXUHPHQWV H[SUHVVHVTXDOLW\RI WKH
H[SHULPHQWDQGDWWKLVFDVHLVLPSRUWDQWIRUFDOLEUDWLRQSURFHGXUH












7HPSHUDWXUHVHQVRU37 ±±& &ODVV%ǻt āt>@
)ORZPHWHU ±OK &ODVVǻt  āVp/V >@
$OWHUQDWLQJFXUUHQWVHQVRU ±$ RIIXOOVFDOH

6LPLODU UHVXOWV DUH FDOFXODWHG IRU&DVH% $6+3FRPELQHGZLWK876& WKHPD[LPXPXQFHUWDLQW\ IRU&23 LV
DQG WKHPLQLPXPXQFHUWDLQW\ LVUHVSHFWLYHO\$FFRUGLQJ WR WKHUHVXOWV WKHXQFHUWDLQW\IRUERWK
FDVHVGRHVQRWH[FHHG7KLVLQGLFDWHVWKDWH[SHULPHQWVZHUHFDUULHGRXWZLWKUHDVRQDEOHXQFHUWDLQW\
0RGHOVLQ7516<6
7516<6 LV D G\QDPLF VLPXODWLRQ WRRO GHYHORSHG RYHU  \HDUV ZLWK IOH[LELOLW\ LQ PRGHOLQJ V\VWHPV DQG
EXLOGLQJV >@ 7KH PRGHO LV H[HFXWHG DW D  PLQ WLPH LQWHUYDO DV QHFHVVDU\ WR UHIOHFW FRQWURO WLPH FRQVWDQW
0DWKHPDWLFDO PRGHOV XVHG WR SHUIRUP VLPXODWLRQ LQ 7516<6 DUH GHVFULEHG LQ WKH IROORZLQJ VXEVHFWLRQV RI WKH
DUWLFOH
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7R UHDFK D KLJKHU DFFXUDF\ RI WKH PRGHOLQJ DQG WR PDNH LW SRVVLEOH WR LQYHVWLJDWH WKH LPSDFW RI GLIIHUHQW
GHIURVWLQJ VWUDWHJLHV RQ IURVWLQJ GXUDWLRQ D PRGHO EDVHG RQ H[SHULPHQWDO GDWD ZDV XVHG 7KH IURVWLQJ PRGHO
H[SUHVVHV WLPH IURPRQH WR WKHRWKHUGHIURVWLQJSHULRGEDVHGRQDPRXQWRIFRQGHQVDWLRQ UDWHVRQHYDSRUDWRUDQG
LQOHW WHPSHUDWXUH GDWD 6XFK D GDWD GULYHQ PRGHO ZDV FUHDWHG E\ XVLQJ 0$7/$% &XUYH ILWWLQJ WRRO IURP
PHDVXUHPHQWGDWD)RUWKLVUHVHDUFKZHXVHGWKLVPHWKRGWRVLPXODWHWKH+3RSHUDWLRQEHFDXVHWKHH[DFWDOJRULWKP















































,Q WKLV FDVH DQ $LUPHFR +3 LV XVLQJ UHYHUVH GHIURVWLQJ PHWKRG 7516<6 W\SH  LV VZLWFKHG RII GXULQJ
GHIURVWLQJSHULRG$FFRUGLQJWRPHDVXUHPHQWVWKHDYHUDJHGHIURVWGXUDWLRQODVWVDSSUR[LPDWHO\PLQXWHV'XULQJ
WKLVSHULRGKHDW LV WDNHQRXWIURPWKHVWRUDJHWDQN7KHZDWHUIORZLVFRROHGDWDUDWHHTXDO WR WKHHQHUJ\DPRXQW
QHHGHGWRPHOWPDVVRIIURVWDFFXPXODWHGRQWKHHYDSRUDWRU±WKLVDFWLRQLVVLPXODWHGE\XVLQJDX[LODU\FRROHU7\SH
'HIURVWLQJRSHUDWLRQPRGHKDVKLJK LQIOXHQFHRQ WKHVHDVRQDOSHUIRUPDQFHIDFWRU 63)'XH WRIURVWLQJDQG
GHIURVWLQJSURFHVHVLQIOXFHWRHQHUJ\FRQVXPSWLRQWKLVDVSHFWVKRXOGQRWEHQHJOHFWHGIURPVLPXODWLRQPRGHO,WLV
LPSRUWDQWWRWDNHWKHVHHIIHFWVLQWRDFFRXQWZKHQEXLOGLQJWKHUPDOFRPIRUWLVDVVHVVHGDWVKRUWWLPHSHULRGV




4.1. UTSC model 
7\SHPRGHOVDQXQJOD]HGVRODUFROOHFWRUWKDWSDVVHVWKHDLUEHKLQGWKHSODWHZKLFKDEVRUEVVRODUUDGLDWLRQ
0RLVW DLU FDOFXODWLRQV DUH QRW LQFOXGHG LQ WKLVPRGHO7KHUPDOPRGHO RI WKLV W\SH LV EDVHGRQ WKH E\'XIILH DQG
%HFNPDQ>@7KHW\SHIURP7516<6OLEUDU\RSHUDWHVZLWKVLQJOHLQOHWLQWKHERWWRPRIWKHSODWHDQGLWGRHV
QRW UHIOHFW WKH DFWXDO VLWXDWLRQRI WKH DQDO\]HG876& LQVWDOODWLRQ DW%(06 ODERUDWRU\&UHDWHG VLPXODWLRQPRGHO
FRPELQHV PXOWLSOH 7\SHV DV 876& VHJPHQWV ,Q RUGHU WR UHDFK D PRUH UHDOLVWLF IORZ DQG VXUIDFH WHPSHUDWXUH
GLVWULEXWLRQHDFKVHJPHQWJHWVLWVIORZUDWHPL[HGIURPWKHERWWRPLQWDNHDQGSDUWIURPDPELHQWDLUVXFNHGIURPDLU
















































:KLOH PHDVXUHPHQW KDV XQFHUWDLQW\ WKLV DVSHFW VKRXOG EH WDNHQ LQWR DFFRXQW GXULQJ WKH FDOLEUDWLRQ SURFHVV
$VVXPLQJ WKDW SRLQWV ZLWK JUHDWHU XQFHUWDLQW\ KLJKHU PHDVXUHPHQW HUURU VKRXOG KDYH OHVV LQIOXHQFH ZKHQ
VHDUFKLQJ IRUSDUDPHWHUV WR ILW FXUYHV HUURUV DUH FRXQWHG DVZHLJKW IDFWRUV LQ WKHPLVPDWFK IXQFWLRQ'XULQJ WKH






PDLQ LQGLFDWRUVZHUHFKRVHQ7RFUHDWH WKHFORVHVWSRVVLEOHPDWFKPRGHOSDUDPHWHUVPHQWLRQHG LQ7DEOHZHUH















WKHUH LV QR H[SODLQHG DQG VWDQGDUGL]HG ZD\ WR LQFOXGH IURVW IRUPDWLRQ DQG GHFUHDVH WKH 63) GXH WR GHIURVWLQJ
SHULRGVZHXVHGDQHPSLULFDOGDWDGULYHQIURVWIRUPDWLRQPRGHOZKLFKKHOSVWRFUHDWHEHWWHUILWVLPXODWLRQPRGHO
7KLVPRGHOUHIOHFWVRSHUDWLRQRIWKH$6+3XQGHUIURVWLQJWHPSHUDWXUHVPRUHDFFXUDWHO\








6.2. Statistical evaluation 
'XULQJ WKHFDOLEUDWLRQSURFHGXUH WKH VWDWLVWLFDOSDUDPHWHU:506(ZDVH[DPLQHGDQGSDUDPHWHUVHQVXULQJ WKH
ORZHVWHUURUYDOXHZHUHVHOHFWHG%\FRPELQLQJPHDVXUHPHQWXQFHUWDLQW\ZLWKPRGHOILWWLQJWKHRYHUDOOSUHGLFWLRQ
HUURUFRXOGEHH[SUHVVHG IRUDEVROXWHYDOXHV8QFHUWDLQW\ ILWWLQJHUURUDQGRYHUDOOSUHGLFWLRQYDOXHVDUHVKRZQ LQ
7DEOH
7DEOH3DUDPHWHUVDGMXVWHGGXULQJWKHPRGHOILWWLQJ
3DUDPHWHU 0HDVXUHPHQWXQFHUWDLQW\ :506( 2YHUDOOSUHGLFWLRQHUURU
$6+3ZDWHURXWOHWWHPSHUDWXUH & & &
$6+3&23 >@ >@ >@
876&DLURXWOHWWHPSHUDWXUH & & &
$6+3ZLWK876&ZDWHURXWOHWWHPSHUDWXUH & & &
$6+3ZLWK876&FRHIILFLHQWRISHUIRUPDQFH >@ >@ >@

7KXVDFRQFOXVLRQFRXOGEHGUDZQWKDWZKHQWKH$6+3LVXVHGZLWK876&WKHKHDWSXPS&23YDOXHFRXOGEH
SUHGLFWHGZLWKDQDFFXUDF\RI)RU WKHVHVLPXODWLRQV WKH WHPSHUDWXUHVRI WKHRXWOHWV IURPWKH+3DQG87&6
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
x 0RGHO LV FDOLEUDWHG DFFRUGLQJ WR PHDVXUHPHQW GDWD DQG WKH DFFXUDF\ RI VLPXODWLRQ PRGHO SUHGLFWLRQV KDV D
GHYLDWLRQRIFDXVHGGXHWRXQFHUWDLQW\LQPHDVXUHPHQWVDQGSRVVLEOHHUURUGXHWRPRGHOILWWLQJ
x 7\SLFDOO\ XVHGPRGHOV QHJOHFW VKRUW WHUP HIIHFWV RI IURVW IRUPDWLRQ DQG RQ DLU VRXUFH KHDW SXPS HYDSRUDWRU
([DPLQLQJ SRVVLEOH LPSURYHPHQW VWUDWHJLHV IRU $6+3 VHDVRQDO SHUIRUPDQFH LPSURYHPHQW XVLQJ RI DLU
SUHKHDWLQJ DVSHFW KDV WR EH WDNHQ LQ WR DFFRXQW$XWKRUV VXJJHVW XVLQJ WKH GDWD GULYHQ IURVW IRUPDWLRQPRGHO
EDVHGRQPHDVXUHPHQWVWRFDSWXUHVKRUWWHUPHIIHFWV




7KH DXWKRUVZRXOG OLNH WR H[SUHVV WKHLU JUDWLWXGH WR WKH%XLOGLQJ (QHUJ\ DQG0LFURFOLPDWH 6\VWHPV %(06
ODERUDWRU\IRUWKHXVHRIWKHLU7516<6DQG0DWODEVRIWZDUHDQGWKHSRVVLELOLW\WRXVHFRPSXWDWLRQDOUHVRXUFHVIRU
PRGHOILWWLQJ
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